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Abstract 

Hematopoietic Stem Cell (HSC) targeted gene transfer is an attractive treatment option for a number of hematopoietic 
disorders caused by single gene defects. However, extensive methylation of promoter sequences results in silencing of 
therapeutic gene expression. The choice of an appropriate promoter is therefore crucial for reproducible, stable and long- 
term transgene expression in clinical gene therapy. Recent studies suggest efficient and stable expression of transgenes 
from the ubiquitous chromatin opening element (UCOE) derived from the human HNRPA2B1-CBX3 locus can be achieved in 
murine HSC. Here, we compared the use of HNRPA2B1-CBX3 UCOE (A2UCOE)-mediated transgene regulation to two other 
frequently used promoters namely EFIa and PGK in human fetal liver-derived HSC (hflHSC). Efficient transduction of hflHSC 
with a lentiviral vector containing an HNRPA2B1-CBX3 UCOE-eGFP (A2UCOE-eGFP) cassette was achieved at higher levels 
than that obtained with umbilical cord blood derived HSC (3.1 x; p<0.001). While hflHSC were readily transduced with all 
three test vectors (A2UCOE-eGFP, PGK-eGFP and EFIa-eGFP), only the A2-UCOE construct demonstrated sustained 
transgene expression in vitro over 24 days (p<0.001). In contrast, within 10 days in culture a rapid decline in transgene 
expression in both PGK-eGFP and EFIa-eGFP transduced hflHSC was seen. Subsequently, injection of transduced cells into 
immunodeficient mice (NOD/SCID///2rg" /_ ) demonstrated sustained eGFP expression for the A2UCOE-eGFP group up to 10 
months post transplantation whereas PGK-eGFP and EFIa-eGFP transduced hflHSC showed a 5.1 and 22.2 fold reduction 
respectively over the same time period. We conclude that the A2UCOE allows a more efficient and stable expression in 
hflHSC to be achieved than either the PGK or EFIa promoters and at lower vector copy number per cell. 
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Introduction 

Hematopoietic stem cells (HSCs) are characterised by their 
ability to home, engraft and reconstitute the entire hematopoietic 
system. As such, they represent an ideal vehicle for the life-long 
delivery of gene products, particularly in the treatment of blood 
disorders [1]. Many genetic diseases are now being considered as 
candidates for HSC-based gene therapy, including severe com- 
bined immune deficiency (SCID) conditions, lysosomal storage 
diseases, hemophilias, haemoglobinopathies ((3-thalassemia, sickle 
cell disease) and Wiskott-Aldrich syndrome (WAS). HSC are 
conventionally obtained from bone marrow aspirates, but is 
associated with lack of donors and significant donor site morbidity. 



Nevertheless, successful outcomes from ex vivo genetic correction 
and transplantation of autologous HSC have been reported for 
SCID-X1 [2-4], SCID-ADA [5], X-linked adrenoleukodystrophy 
(ALD) [6] . Over the past two decades, umbilical cord blood (UCB) 
has emerged as an attractive and established source for allogeneic 
and autologous transplantation [7]. Indeed, UCB-HSCs have 
been studied as potential vehicles for gene delivery in recent years 
[8,9]. A major limitation, however, is the low transduction 
efficiency inherent to HSC. Thus, several research groups have 
developed novel protocols to improve gene transfer efficiency, with 
varying results [10]. Our group has previously demonstrated that 
fetal stem cells are more amenable to lentiviral vector transduction 
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than their adult counterparts [11]. Extending on this theme, we 
describe here the isolation of fetal-liver HSC from different 
gestational ages, and evaluate the use of such HSC for gene 
delivery applications. 

Integrating gammaretroviral (RV) and lentiviral (LV) vectors 
have been utilized in long-term expression of therapeutic 
transgenes [12-15]. However, silencing of transgenes either due 
to DNA methylation or histone modifications is a cause of concern 
[16,17]. Elements with an insulator or boundary function have 
been used in both RV and LV in an effort to overcome the effects 
of promoter-dependent silencing of transgene expression, which 
serve in some cases as barriers to protect against the incursion of 
adjacent inactive condensed chromatin. For instance, the chicken 
fJ-globin locus control region element HS4 (cHS4) has been used 
in flanking transgenes. But often, these have resulted in limited 
efficiency thereby compromising their utility for gene delivery 
applications [18,19]. 

Studies have shown the ability of the ubiquitous chromatin 
opening element (UCOE) consisting of the methylation-free CpG 
island encompassing the dual divergently transcribed promoters of 
the human HNRPA2B1-CBX3 housekeeping genes (A2UCOE) 
to be able to drive stable and long-term transgene expression [16]. 
Stable expression from the A2UCOE can be achieved from either 
its innate HNRPA2B 1 promoter [20] or by shielding linked tissue- 
specific or constitutive [21,22,23] heterologous promoters from 
epigenetic modifications and chromosomal position effects and 
thus the A2UCOE shows its potential use as an excellent 
regulatory element in gene transfer studies. A2UCOE driven 
expression has been successfully employed to stabilize transgene 
expression in murine hematopoietic stem and peripheral blood 
cells [20,21] and in several murine and human iPS and ES cell 
lines where stable expression was maintained in their progeny 
including cardiac and hematopoietic differentiated cells [22,23]. 

In this study, we have investigated if the A2UCOE can be used 
to provide stable expression in human fetal liver-derived HSC 
(hflHSC). Furthermore, we compared A2UCOE efficacy with two 
other widely used promoters, elongation factor la (EFla) and 
phosphoglycerate kinase 1 promoter (PGK), using both in vitro 
and in vivo HSC repopulating assays in mice. Our results show 
that the A2UCOE can provide stable, long-term expression 
whereas the EFla and PGK promoters are prone to silencing in 
both assay systems. 

Materials and Methods 

Plasmids and production of lentiviral vector stocks 

The PGK-eGFP and EFla-eGFP plasmids were obtained from 
Addgene, and the A2UCOE-eGFP vector was as previously 
described [20]. Lentiviral vector (LV) stocks were generated by 
triple plasmid co-transfection of HEK293T cells, with a Calcium 
Phosphate Transfection Kit (Invitrogen, USA) as previously 
described [11]. The envelope plasmid pMD.G and packaging 
plasmid pCMV8.91 have been described previously [24]. A total 
of 30 ug of plasmid DNA was used for the transfection of a single 
75 cm 2 flask: 5.25 ug of envelope plasmid, 9.75 fig of packaging 
plasmid and 15 |0.g of transfer vector plasmids (A2UCOE-eGFP, 
PGK-eGFP or EFla-eGFP). The medium was replaced with 
DMEM supplemented with 10% heat inactivated Fetal Bovine 
Serum (FBS) 24 hrs after transfection. At 48 and 72 hrs after 
transfection the medium was harvested and passed through a 
0.22 urn nitrocellulose filter. Vector particles were concentrated 
300 fold by ultracentrifugation at 50,000 g (26,000 rpm with a 
SW28 rotor) for 140 mins at 4°C and resuspended in 1% BSA in 
PBS. Viral titers were established by transducing HEK293T cells 



with serial dilutions of virus stocks and monitoring expression after 
3 days by flow cytometry. 

Ethics Statement. Collection of human tissues from second 
trimester fetuses and umbilical cord blood from normal full term 
deliveries was approved by the Domain Specific Review Board of 
the National University Hospital (Singapore). In all cases, patients 
gave separate written consent for the use of the collected tissue. All 
animal protocols were approved and followed in accordance to 
guidelines by Office of Safety, Health and Environment (OSHE) 
and Institutional Animal Care and Use Committee (IACUC) at 
the National University of Singapore. 

Human cells and CD34+ cell purification 

Umbilical cord blood was collected from term deliveries (n = 9). 
Fetal liver samples were obtained from 16 fetuses (median 
gestational age 17 weeks; range 13 to 22 weeks). Single cell 
suspensions were prepared by mincing the liver through a 1 00 um 
cell strainer, following incubation with collagenase IV (2 mg/ml, 
Gibco, USA) in DMEM. Cells collected were centrifuged at 375 g 
for 10 minutes; the pellet was subjected to red blood cell lysis 
(ACK lysing buffer, Invitrogen, USA) and washed in DMEM. 
MNCs were then counted and CD34+ cells were isolated from 
second trimester human livers and umbilical cord blood with 
RosetteSep system using the CD34 positive selection kit (Stem Cell 
Technologies, Singapore). 

Transduction of hematopoietic stem cells 

LV containing eGFP under control of the A2UOCE, EFla and 
PGK were used to transduce CD34 + cells harvested from human 
fetal liver samples at a different multiplicity of infection (MOI) 
(MOI is the number of viral particles added per cell seeded for 
transduction). HSC were suspended at a density of 1 x 10 6 cells/ ml 
in transduction cocktail (serum free IMDM (Gibco, USA) 
containing BIT serum substitute (Stem Cell Technologies, 
Singapore), 20 ng of recombinant human interleukin-6 (rhIL-6) 
per ml (R&D systems, USA), 20 ng of thrombopoietin/ml 
(Peprotech, USA), 100 ng of stem cell factor (rhSCF) per ml 
(R&D systems, USA) and 100 ng of FLT3-L/ml) (Peprotech, 
USA) for 24 hrs. Cells were then infected at multiplicities of 
infection (MOI) of 1, 5, 10, 15 & 20 with A2-UCOE-eGFP, PGK- 
eGFP and EFla-eGFP in presence of 4 u.g/ml polybrene. Cells 
were resuspended and cultured in a serum free defined expansion 
medium as described previously [25], 24 hrs after transduction. 
Transduced cells at MOI 10, 15 and 30 for A2-UCOE, PGK and 
EFla lentiviruses were collected on day 3, 10, 17 and 24 of 
continuous liquid culture and eGFP expression was analyzed by 
FACS. All transduction events for each biological sample and 
infection were performed in triplicates. 

Hematopoietic colony forming cell assays 

Vector transduced CD 34+ cells were plated in 1 ml of 
mefhylcellulose medium (HSC-CFU media) supplemented with 
FBS, Bovine Serum Albumin (BSA), and different growth factors 
(e.g. GM-CSF, G-CSF, SCF, IL-3, IL-6, and Epo (Miltenyi Biotec, 
USA) and was performed in duplicate. Hematopoietic colony 
forming units (CFU-E, BFU-E, CFU-G and CFU-M) were scored 
after 14 days of culture. eGFP (fluorescent) colonies were identified 
by fluorescence microscopy. 

Hematopoietic reconstitution in a murine model 

NSG (NOD/SCID/ffirg-" 7 ") mice were obtained from Jackson 
Laboratory and maintained under specific pathogen-free condi- 
tions in the animal facility at the National University of Singapore. 
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Figure 1. Characterisation of Human Fetal Liver HSC. A & B) Human fetal liver haematopoietic stem cell (hflHSC) populations contain a higher 
proportion of CD34+ cells than that found in umbilical cord blood (UBC) (1.8 x10 7 versus 8x10 s ; p = 0.0002 and 8.1% versus 0.4%; p = 0.0001). (C) 
Representative images of multilineage differentiation of hflHSC in methylcellulose culture assays. 
doi:1 0.1 371 /journal.pone.01 04805.g001 



Pups were sublethally irradiated within 48 hrs of birth, and 
injected intracardially with 2x10'' lentiviral vector-transduced 
hflHSCs per pup as previously reported [25]. Peripheral blood was 
analysed from 3 months to 1 0 months after transplantation by flow 
cytometry for eGFP expression and human-specific leukocyte 
markers using antibodies specific for CD3, CD19 and CD33 
(Biolegend, Singapore). Bone marrow was analysed for eGFP 
expression at 10 months post transplantation. 

Determination of vector copy number by quantitative 
PCR 

Genomic DNA was extracted from cells at Day 1 7 of culture 
using the DNeasy kit (Qjagen, USA). 15 ng of genomic DNA was 
subjected to quantitative PCR using lxSYBrGreen Master Mix 
and 100 nM of each eGFP forward primer, 5'- GGCATCGAC- 
TTCAAGGAG and reverse primer, 5'- ATAGACGTTGT- 
GGCTGTT that amplified a 74 bp region of the eGFP sequence. 
A 294 bp region of the human fi-actin gene was amplified using 
forward primer 5'- TC AC C C AC ACTGTGC C C ATC T AC GA- 3 ' 
and reverse primer 5'- C AGC GG AAC C GC TC ATTGC C AA- 
TGG-3' as a loading control. 

Chimerism 

Levels of engraftment were ascertained in 1 9 animals from the 
A2UCOE (n = 6), PGK (n = 8) and EFloc (n = 5) groups. Chime- 
rism was calculated as Chimerism = %CD45 + human cell/ 
(%CD45 + human cell + %CD45 + mouse cell). 



Statistical Analysis 

Parametric data are shown as mean ± standard deviation, and 
were analyzed using one-way or two-way analysis of variance 
followed by the Bonferroni Test. Nonparametric data were shown 
as median and range, and analyzed using the Mann-Whitney 
Test. A p value of <0 .05 was considered significant. 

Results 

High level presence and LV transduction efficiency of 
human fetal HSC 

The number of CD34+ cells present in fetal livers was observed 
at a median of 1.8 xlO 7 (n=16; range 1.4 xlO 6 to 2.8 xlO 8 ) 
between 13 to 22 weeks. This is in comparison to a median of 
8xl0 5 (n = 9; range 8xl0 5 to 6xlO B ) (p = 0.0002) CD34+ cells 
typically recovered from a standard UCB collection of around 80- 
100 ml (Figure 1A). HSCs co-expressing CD34 and CD133, 
which are markers linked to HSC repopulating activity [26], were 
observed at a median of 8.1% in fetal liver-derived cells (n = 16, 
range 2.0 - 22.5%; gestation 13-22 weeks) compared to a median 
of 0.4% in UCB (n = 9; range 0.1-0.9%) (p = 0.0001) (FigurelB). 
Furthermore, human fetal HSCs showed ability of multilineage 
differentiation into erythroid, granulocytes and myeloid lineages in 
methylcellulose culture assays (Figure 1C). 

LV transduction efficiency of hflHSC using the A2UCOE- 
eGFP construct (A2UCOE-LV) was 3.1 fold higher than UCB- 
HSC at MOI 20 for all gestational ages (n = 5 fetal samples 
ranging from 13 to 22 weeks gestation and 3 UCB samples; 
ANOVA, p<0.001). A 2.4 fold higher transduction efficiency in 
hflHSC (gestations 17-22 weeks) was observed over UCB-HSC at 
MOI 5 (p<0.001). We observed an increasing ability of the 
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Figure 2. More efficient transduction of fetal liver-derived than cord blood-derived HSC. (A) Human fetal liver HSC are transduced more 
efficiently with the A2UCOE-eGFP LV than UCB-HSC, with higher efficiencies achieved with increasing gestational age from 13 through 22 weeks. (B) 
Higher levels of transduction of hflHSC were achieved with the A2UCOE-eGFP LV than with the PGK-eGFP and EF1oe-eGFP vectors at differing 
multiplicities of infection (MOI). 
doi:1 0.1 371 /journal.pone.01 04805.g002 



A2UCOE-LV to transduce hflHSC with increasing gestational age 
between 13 to 22 weeks. A 3.1 and 1.6 fold increase in levels of 
transduction efficiency in hflHSC from gestation 17-22 at MOI 5 
and 20 respectively (p<0.001) compared to 13 weeks gestation was 
observed (Figure 2 A). 

Previous studies have shown that the A2UCOE can drive more 
reproducible and stable expression within adult bone marrow and 
peripheral blood cells compared to other frequently used elements 
such as the spleen focus forming virus (SFFV), cytomegalovirus 
(CMV) and EFlot promoters [20,21]. However, in order to 
facilitate a more rational choice of promoter for targeting hflHSC, 
we decided to examine two other ubiquitous promoters that are 
frequently used in mammalian systems, namely EFla and PGK 
and compare them to the A2UCOE. 

Our results show that cells transduced with the A2UCOE-LV 
showed a significantly higher expression of the eGFP transgene in 
comparison to EFlot and PGK LVs, reaching a peak of 
74.3±8.8% at MOI 10 (p<0.001), compared to 61 ±3.5% (p< 
0.05) and 67.2±7.5 respectively at MOI 20 (Figure 2B). 



Stable A2UCOE transgene expression in vitro 

In order to determine the longevity of transgene expression with 
the different LV constructs, we transduced hflHSC with all three 
constructs to achieve initial levels of ~60-70% eGFP positive cells 
with MOI of 10, 15 and 30 for A2UCOE-GFP, PGK-eGFP and 
EFla-eGFP respectively. The percentage of GFP positive cells was 
largely stable throughout the 24 days of liquid culture for the 
A2UCOE-LV transduced cells, during which cell numbers 
expanded 2.5 fold. In contrast expression driven by the PGK 
and EFla promoters resulted in a decrease in eGFP positive cells 
from 56±2.2 to 23±4.7% (p<0.001) and 71.5±14.6 to 
21.7±4.4% (p<0.001) respectively by day 10 of culture and 
remained at this level untill the end of the period of culture at Day 
24. The vector copy number per cell (VCN) at Day 17 post- 
transduction was 1.1 ±0.3, 1.9±0.2 and 6.0±0.5 for A2UCOE- 
GFP, PGK-eGFP and EFla-eGFP respectively (Figure 3A). 

In order to establish the efficacy of the A2 UCOE in stabilizing 
transgene expression upon multilineage differentiation of hflHSCs, 
a colony forming assay (CFU) was performed. At Day 3 post-LV 
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Figure 3. Sustained expression of A2UCOE-eGFP in in vitro. (A) hflHSC transduced with A2UC0E-eGFP, PGK-eGFP and EF1ot-GFP LVs were 
maintained in culture for 24 days and analyzed at 3, 10, 17 and 24 days post-transduction. Expression from A2UCOE-eGFP was sustained over the 24 
day period of culture. A rapid decline in PGK-eGFP (58% to 22%) and EF1oe-eGFP (71% to 23%) expression was seen by Day 10. Average vector copy 
number per cell (VCN) at Day 17 of culture is given in italic text above the histogram lines. (B) A2UCOE-eGFP LV transduced cells showing 
maintenance of multilineage differentiation capability in methylcellulose culture assays at 1 7 days post-transduction. (C) Quantification of proportion 
of eGFP expressing colonies following differentiation of LV transduced hflHSC in semi-solid methylcellulose culture assays. Note comparable levels of 
eGFP-positive colonies with all three (A2UCOE, EF1a, PGK) LV types. 
doi:1 0.1 371 /journal.pone.01 04805.g003 



transduction, hflHSC were cultured in semi-solid methylcellulose 
media, and the number of total and eGFP-positive colonies was 
counted. CFU assays after semi-solid methycellulose culture on 
Day 3 LV transduced hflHSC showed the maintenance of multi- 
lineage differentiation capacity and expression of eGFP in all 
lineages (erythroid, granulocytes and myeloid) for all three vector 
groups, (Figure 3B-C). There was also a clear trend in the 
A2UCOE-eGFP LV transduced cells giving a higher percentage 
of eGFP-positive colonies compared to PGK-eGFP in the case of 
BFU-E and CFU-E and EFla-eGFP in the CFU-E lineage 
(Figure 3C). In all other cases the percentage of eGFP-positive 
cells was comparable between the three different LVs. 

Stable A2UCOE-eGFP LV expression in hflHSCs in vivo 

We next conducted a long-term comparative analysis investi- 
gating stability of transgene expression in vivo by transplantation 
of LV-transduced hflHSC into irradiated newborn NOD-SCID 
Il2rg~'~ (NSG) mice. hflHSC were transduced with A2UCOE- 
eGFP, PGK-eGFP and EFla-eGFP LVs at different MOI to 
achieve a similar initial level of eGFP positive cells of ~70% 
(Figure 2B). Following transplantation into newborn irradiated 
NSG mice, eGFP expression in peripheral blood cells was 
analyzed at 3 and 10 months post-reconstitution. Median levels 
of engraftment in peripheral blood were 3.6% (range = 0.2% to 



25.2%), in 19 animals where data was available in the three groups 
of mice. Cells transduced with the A2UCOE-eGFP LV showed a 
sustained expression at 3 and 10 months post transplantation at 
79.5±16.7% (n = 8) and 72.8±17.8% (n = 4) respectively. Con- 
trastingly, PGK-eGFP and EFla-eGFP transduced cells showed a 
rapid reduction in expression over 10 months of 5.1 (n = 6, p< 
0.001) and 22.2 fold (n = 9, p<0.001) respectively (Figure 4A). At 
the 10-month time point, peripheral blood samples from 
A2UCOE-eGFP transplanted mice showed a significantly higher 
and sustained eGFP expression in comparison to PGK-eGFP in all 
lineages including T (CD3+) (90.5 ±1.7% vs 37.2±20.6%; p< 
0.001), B (CD19+) (93± 1.6% vs 10.5±5.7%; p<0.001) and 
myeloid (CD33+) (96.3±1.0 vs 17.8±11.9; p<0.001) cells 
(Figure 4B). 

In order to assess the stability of expression in the hematopoietic 
stem and progenitor cells, mice were euthanized at 10 months 
post-engraftment and cells from bone marrow harvested and 
analyzed for eGFP expression. The percentage of eGFP positive 
cells was confirmed by fluorescence microscopy of bone marrow 
cells, reflecting the presence of a large population of eGFP 
expressing cells in the UCOE group, compared to fewer positive 
cells in the PGK as well as the EFla groups (Figure 4C). 
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Figure 4. A2UCOE confers sustained transgene expression in vivo. (A) hflHSCs were transduced with either A2UCOE-eGFP, EFIot-eGFP or 
PGK-eGFP LVs and transplanted into sub-lethally irradiated NSG mice. A2UCOE-eGFP transduced hflHSC maintained transgene expression levels over 
3 and 10 months post-transplantation whereas EFIoe-eGFP and PGK-eGFP transduced cells lost eGFP expression rapidly. (B) Multilineage engraftment 
at 10-months post-transplantation from LV transduced hflHSC with higher percentage of eGFP-positive cells in A2UCOE-eGFP compared to EFIot- 
eGFP and PGK-eGFP. (C) Immunoflourescent staining of of bone marrow cells at 1 0 months post-transplantation showing sustained eGFP expression 
for A2UCOE-eGFP in comparison to PGK-eGFP and EFIot-eGFP. 
doi:1 0.1 371 /journal.pone.01 04805.g004 



Discussion 

HSC-based gene therapy is gaining traction with a number of 
clinical trials targeting different conditions (X-SCID, ADA-SCID, 
ALD, CGD, Fanconi anemia, P-thalassemia) showing encouraging 
results [2,3,6,27-30] and which have implications for curative 
lifelong treatment. Despite these clinical successes, problems of 
insertional mutagenesis and therapeutic gene silencing remain to 
be solved [16]. The discovery of the A2UCOE class of 
transcriptional regulatory element offers one option to overcoming 
these difficulties. The A2UCOE has been shown not to be 
susceptible to DNA methylation-mediated silencing and thus has 
the potential to bring about long-term transgene expression and 
therapy. Here we show the ability of an A2UCOE-based LV to 
efficiently transduce human fetal liver-derived HSC with mainte- 
nance of transgene expression over at least 10 months in an 
immunodeficient mouse model system, further underscoring its 
potential clinical utility. 

The dominant chromatin opening and transcriptional activating 
capability of the A2UCOE has been shown to be able to drive 
reproducible and stable transgene expression in cell lines and more 
importantly mouse HSCs and their differentiated progeny in vivo 
[20,21,31]. In addition, the A2UCOE confers reproducible and 
stable transgene expression within human pluripotent cell 
populations and upon differentiation into cells representative of 
all three germ layers [22,23]. Furthermore, this element is devoid 
of enhancer activity consisting of a methylation-free CpG island 
encompassing dual divergendy transcribed promoters of house- 



keeping genes, which reduces the risk of insertional mutagenesis 
leading to host gene activation and oncogenesis [20]. The 
A2UCOE methylation-free CpG island is particularly potent at 
being able to resist silencing of transgenes [20,32,33] by negating 
promoter DNA methylation [21,31]. 

The proliferative nature of fetal HSC makes these cells excellent 
targets for genetic modification using gene therapy vectors that 
require the proliferation of host cells. There is a high frequency of 
actively cycling HSC undergoing self renewal, which can be 
isolated from fetal livers with capacity to repopulate compared 
with HSC isolated from adult BM that by comparison are 
quiescent [34-36]. In line with findings from other groups [37-39], 
the mid-gestation fetal liver was found to contain an abundant 
source of CD34+CD133+ cells. These cells were found to be 
capable of generating various hemopoietic progeny in both in vitro 
and in vivo settings, confirming their HSC identity. Given that 
approximately 25,000 CD34+ HSC/kg bodyweight is required for 
hematopoietic reconstitution [40], a single harvest of fetal liver will 
yield adequate HSCs to treat an individual of up to 400 kg from 
the 10 7 HSC derived. 

Our data shows increased transduction efficiency of hflHSC 
increasing with gestational age over UCB-HSC at low MOI 
suggesting that hflHSC are highly amenable to LV-based genetic 
manipulation. Efficiency of lentiviral transduction in UCB-HSC 
was significantly lower under similar conditions. On the other 
hand, fetal stem cells have the ability to be transduced at a higher 
efficiency since they contain a higher proportion of actively cycling 
stem cells compared to cord blood or other adult sources [36,41]. 
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In addition, fetal HSC has also been shown to have a competitive 
engraftment advantage over adult HSC [42,43] . Thus human fetal 
liver may be a potential source of abundant HSCs for prenatal and 
postnatal allogeneic transplantation as well as being a direct in 
utero gene therapy target. 

While the A2UCOE promoter has been shown to be superior to 
the EFloc promoter when used to drive transgene expression in 
murine HSC, its performance has never been compared to other 
frequently used promoters such as the EFla and PGK promoters 
in the context of clinically relevant primitive human HSCs. Hence, 
in this study we have evaluated the ability of three LVs driven by 
the A2UCOE, PGK and EFla promoter elements to transduce 
and stably express from within hflHSC. 

Reproducibility, levels and stability of expression is clearly 
controlled and dependant on the regulatory elements incorporated 
within the transgene cassette [16,44]. Our data shows higher 
transduction efficiency and stable long-term transgene expression 
with the A2UCOE-eGFP LV across all MOI over that obtained 
with the PGK-eGFP and EFla-eGFP vectors with hflHSC both in 
vitro and in vivo in mice, clearly suggestive of its utility for driving 
long-term expression. 

hflHSC transduced with the A2UCOE-eGFP LV gave 
sustained eGFP expression within both bone marrow and all 
peripheral blood cell lineages. Maintenance of eGFP expression in 
T and B cells indicates the usefulness of the A2UCOE in targeting 
disorders of affecting these cell populations such as severe 
combined immunodeficiencies (SCID) [4] and Wiskott-Aldrich 
syndrome [45,46]. Indeed, A2UCOE regulated LVs have been 
shown to fully rescue the disease phenotype of SCID-X1 [20] and 
CGD [31] at low (<1) vector copy number in mice. Likewise 
recombination activating gene 2 (RAG2) deficiency is an 

References 

1. Frecha C, Costa C, Ncgrc D, Amirachc F, Trono D, ct al. (2012) A novel 
lcntiviral vector targets gene transfer into human hematopoietic stem cells in 
marrow from patients with bone marrow failure syndrome and in vivo in 
humanized mice. Blood 119: 1139-1150. 

2. Cavazzana-Calvo M, Andrc-Schmutz I, Fischer A (2013) Haematopoietic stem 
cell transplantation for SCID patients: where do we stand? Br J Haematol 160: 
146-152. 

3. Cavazzana-Calvo M, Fischer A, Hacein-Bey-Abina S, Aiuti A (2012) Gene 
therapy lor primary immunodeficiencies: Part 1 . Curr Opin Immunol 24: 580— 
584. 

4. Cavazzana-Calvo M, Hacein-Bey S, de Saint Basile G, Gross F, Yvon E, et al. 
(2000) Gene therapy of human severe combined immunodeficiency (SCID)-Xl 
disease. Science 288: 669—672. 

5. Aiuti A, Brigida I, Ferrua F, Cappelli B, Chiesa R, et al. (2009) Hematopoietic 
stem cell gene therapy for adenosine deaminase deficient-SCID. Immunol Res 
44: 150-159. 

6. Carder N, Hacein-Bey-Abina S, Bartholomac CC, Veres G, Schmidt M, et al. 
(2009) Hematopoietic stem cell gene therapy with a lcntiviral vector in X-linked 
adrenoleukodystrophy. Science 326: 818—823. 

7. Gluckman E (2009) Ten years of cord blood transplantation: from bench to 
bedside. British Journal of haematology 147: 192-199. 

8. Wu MH, Smith SL, Dolan ME (2001) High Efficiency Elcctroporation of 
Human Umbilical Cord Blood CD34+ Hematopoietic Precursor Cells. Stem 
Cells 19: 492-499. 

9. Jin CH, Kusuhara K, Yoncmitsu Y, Nomura A, Okano S, ct al. (200.3) 
Recombinant Sendai virus provides a highly efficient gene transfer into human 
cord blood-derived hematopoietic stem cells. Gene Ther 10: 272-277. 

10. Papapetrou EP, Zoumbos NC, Athanassiadou A (2005) Genetic modification of 
hematopoietic stem cells with nonviral systems: past progress and future 
prospects. Gene Ther 12: S118-S130. 

1 1 . Chan J, O'Donoghuc K, de la Fuente J, Roberts IA, Kumar S, ct al. (2005) 
Human Fetal Mesenchymal Stem Cells as Vehicles for Gene Delivery. Stem 
Cells 23: 93-102. 

12. Miyoshi H, Smith K, Mosier D, Vcrma I, Torbctt B (1999) Transduction of 
Human CD34+ Cells That Mediate Long-Term Engraftment of NOD/SCID 
Mice by HIV Vectors. Science 283: 682-686. 

13. Piacibcllo W, Bruno S, Sapavo F, Droetto S, Gunetti M, ct al. (2002) Lcntiviral 
gene transfer and ex vivo expansion of human primitive stem cells capable of 
primary, secondary, and tertiary multilineage repopulation in NOD/SCID 
mice. Blood 100: 4391-4400. 



autosomal recessive disorder causing a complete lack of mature 
T and B lymphocytes leading to a SCID condition. Restoration of 
immune functions in Rag2 deficient mice by utilization of an 
A2UCOE-driven codon optimized human Rag2 sequence has 
been reported [47]. This is suggestive of an optional vector choice 
for clinical implementation. 

In conclusion, our data has shown that hflHSC represent a rich 
source of HSC. They are highly amenable to genetic manipulation 
with LVs and transduce more efficiently than UCB-HSC. We 
have also shown sustained eGFP reporter gene expression and 
ability to maintain expression in multiple hematopoietic lineages in 
mice engrafted with A2UCOE-eGFP LV transduced cells. Owing 
to the silencing resistant property of A2UCOE-regulated tran- 
scription units, it represents a superior choice over the PGK and 
EFla promoters for gene therapy targeting HSC. 

Acknowledgments 

This work was supported in part by the National Research Foundation 
Singapore through the Singapore-MIT Alliance for Research and 
Technology's Interdisciplinary Research Group in Infectious Disease 
research program. 

Author Contributions 

Conceived and designed the experiments: ND MK CM M. Chong JC 
JKYC. Performed the experiments: ND MK. Analyzed the data: ND MK 
CM M. Chong M. Choolani JC MNA JKYC. Contributed reagents/ 
materials/analysis tools: ND MK CM M. Chong M. Choolani JC MNA 
JKYC. Contributed to the writing of the manuscript: ND MK CM 
M. Chong M. Choolani JC MNA JKYC. 



14. Zuffcrcy R, Dull T, Mandcl RJ, Bukovsky A, Quiroz D, ct al. (1998) Self- 
Inactivating Lentivirus Vector for Safe and Efficient In Vivo Gene Deliver)'. 
Journal of Virology 72: 9873-9880. 

15. Caspar HB, Parsley KL, Howe S, King D, Gilmour KG, ct al. (2004) Gene 
therapy of X-linked severe combined immunodeficiency by use of a pscudotyped 
gammarctroviral vector. Lancet 364: 2181-2187. 

16. Antoniou MN, Skipper KA, Anakok O (2013) Optimizing retroviral gene 
expression for effective therapies. Human Gene Therapy 24 363—374. 

17. Ellis J (2005) Silencing and variegation of gammarctrovirus and lentivirus 
vectors. Human Gene Ther 16: 1241—1246. 

18. Nielsen TT, Jakobsson J, Rosenqvist N, Lundberg C (2009) Incorporating 
double copies of a chromatin insulator into lcntiviral vectors results in less viral 
integrants. BMC Biotchnol 9. 

19. Urbinati F, Arumugam P, Higashimoto T, Pcrumbcti A, Mitts K, et al. (2009) 
Mechanism of reduction in titers from lentivirus vectors carrying large inserts in 
the ,3'LTR. Mol Ther 17: 1527-1536. 

20. Zhang F, Thornhill S, Howe SJ, Ulaganathan M, Schambach A, ct al. (2007) 
Lentiviral vectors containing an enhancer-less ubiquitously acting chromatin 
opening element (UCOE) provide highly reproducible and stable transgene 
expression in hematopoietic cells. Blood 110: 1448—1457. 

21. Zhang F, Frost AR, Blundcll MP, Bales O, Antoniou MN, ct al. (2010) A 
Ubiquitous Chromatin Opening Element (UCOE) Confers Resistance to DNA 
Methylation— mediated Silencing of Lentiviral Vectors. Molecular 't herapy 18: 
1640-1649. 

22. Ackermann M, Lachmann N, Hartung S, Eggenschwiler R, Pfaff N, et al. (2014) 
Promoter and lineage independent anti-silencing activity of the A2 ubiquitous 
chromatin opening element for optimized human pluripotent stem cell-based 
gene therapy. Biomatcrials 35: 1531-1542. 

23. Pfaff N, Lachmann N, Ackermann M, Kohlscheen S, Brendel C, et al. (2013) A 
ubiquitous chromatin opening element prevents transgene silencing in 
pluripotent stem cells and their differentiated progeny. Stem Cells 3 1 : 488-499. 

24. Case SS, Price MA, Jordon CT, Yu XJ, Wang L, ct al. (1999) Stable 
transduction of quiescent CD34(+)CD38(-) human hematopoietic cells by HIV- 
1-based lentiviral vectors. Proc Natl Acad Sci U S A 96: 2988-2993. 

25. Khoury M, Drake AC, Chen Q, Dong D, Leskov I, ct al. (201 1) Mesenchymal 
Stem Cells Secreting Angiopoietin-Likc-5 Support Efficient Expansion of 
Human Hematopoietic Stem Cells Without Compromising Their Repopulating 
Potential. Stem Cells and Development 20: 1371-1381. 

26. Drake AC, Khoury M, Leskov I, Iliopoulou BP, Fragoso M, ct al. (201 1) Human 
CD34+ CD 133+ hematopoietic stem cells cultured with growth factors including 



PLOS ONE | www.plosone.org 



7 



August 2014 | Volume 9 | Issue 8 | e104805 



Stable Expression in hflHSC with UCOE 



Angptl5 efficiently engraft adult NOD-SCID I12ry-/- (NSG) mice. Plos One 6 
(4): 1-9. 

27. Naldini L (201 1) Ex vivo gene transfer and correction for cell-based therapies. 
Nat Rev Genet 12: 301-315. 

28. Stein S, Scholz S, Schwable J, Sadat MA, Modlich U, et al. (2013) From bench 
to bedside: preclinical evaluation of a self-inactivating gammaretroviral vector 
for the gene therapy of X-linked chronic granulomatous disease. Hum Gene 
Ther Clin Dcv 24: 86-98 

29. Tolar J, Becker PS, Clapp DW, Hanenberg H, de Heredia CD, et al. (2012) 
Gene therapy for Fanconi anemia: one step closer to the clinic. Hum Gene Ther 
23: 141-144. 

30. Cavazzana-Calvo M, Paycn E, Negre O, Wang G, Hehir K, et al. (2010) 
Transfusion independence and HMGA2 activation after gene therapy of human 
R-thalassaemia. Nature 467: 318-322. 

31. Brendel C, Muller-Kuller U, Sehultze-Strasser S, Stein S, Chcn-Wichmann L, et 
al. (2012) Physiological regulation of transgene expression by a lcntiviral vector 
containing the A2UCOE linked to a myeloid promoter. Gene Therapy 19 
1018-1029. 

32. Antoniou M, Harland L, Mustoe T, Williams S, Holdstock J, et al. (2003) 
Transgenes encompassing dual-promoter CpG islands from the human TBP 
and HNRPA2B1 loci are resistant to heterochromatin-mediated silencing. 
Genomics 82: 269-279. 

33. Williams S, Mustoe T, Mulcahy T, Griffiths M, Simpson D, et al. (2005) CpG- 
island fragments from the HNRPA2B 1 /GBX3 genomic locus reduce silencing 
and enhance transgene expression from the hCMV promoter/ enhancer in 
mammalian cells. BMC Biotechnology 5. 

34. Campagnoli C, Fisk N, Overton T, Bennett P, Watts T, et al. (2000) Circulating 
hematopoietic progenitor cells in first trimester fetal blood. Blood 95 1967-1972- 

35. Martin MA, Bhatia M (2005) Analysis of the Human Fetal Liver Hematopoietic 
Microcnvironmcnt. Stem cells and Development 14: 493—504. 

36. Murdoch B, Gallachcr L, Awaraji C, Hess DA, Keeney M, et al. (2001) 
Circulating hematopoietic stem cells serve as novel targets for in utero gene 
therapy. FASEB Journal 15: 1628-1630. 

37. Collier F, Barccna A, Cruz J, Harrison MR, Mucnch MO (1999) Mid-trimester 
fetal livers are a rich source of CD341/11 cells for transplantation. Bone 
Marrow Transplantation 24: 451-461. 



38. Nava S, Westgren M, Jaksch M, Tibell A, Broome U, et al. (2005) 
Characterization of cells in the developing human liver. Differentiation 73: 
249-260. 

39. Rollini P, Kaiser S, Faes-van't Hull E, Kapp U, Leyvraz S (2004) Long-term 
expansion of transplantable human fetal liver hematopoietic stem cells. Blood 
103: 1166-1170. 

40. Scaradavou A, Brunstcin CG, Eapen M, Lc-Radcmachcr J, Barker JN, et al. 
(20 1 3) Double unit grafts successfully extend the application of umbilical cord 
blood transplantation in adults with acute leukemia.121: 752-758. Blood 121: 
752-758. 

41. Luther-Wyrsch A, Costello E, Thali M, Beutti E, Nissen C, et al. (2001) Stable 
Transduction with Lcntiviral Vectors and Amplification of Immature Hemato- 
poietic Progenitors from Cord Blood of Preterm Human Fetuses. Hum Gene 
Ther 12: 377-389. 

42. Holyoake TL, Nicolini FE, Eaves CJ (1999) Functional differences between 
transplantable human hematopoietic stem cells from fetal liver, cord blood, and 
adult marrow. Exp Hematol 27: 1418-1427. 

43. Rebel VI, Miller CL, Eaves CJ, Lansdorp PM (1996) The rcpopulation potential 
of fetal liver hematopoietic stem cells in mice exceeds that of their liver adult 
bone marrow counterparts. Blood 87: 3500-3507. 

44. Liu JW, Pernod G, Dunoyer-Geindrc S, Fish RJ, Yang H, et al. (2006) Promoter 
Dependence of Transgene Expression by Lcntivirus-Transduced Human Blood- 
Derived Endothelial Progenitor Cells. Stem Cells 24: 199-208. 

45. Aiuti A, Biasco L, Scaramuzza S, Ferrua F, Cicalese MP, et al. (2013) Lcntiviral 
hematopoietic stem cell gene therapy in patients with Wiskott-Aldrich syndrome. 
Science 341. 

46. Astrakhan A, Sather BD, Ryu BY, Khim S, Singh S, et al. (2012) Ubiquitous 
high-level gene expression in hematopoietic lineages provides effective lcntiviral 
gene therapy of murine Wiskott-Aldrich syndrome. Blood 119: 4395-4407. 

47. van Til N, de Boer H, Mashamba N, Wabik A, Huston M, et al. (2012) 
Correction of murine Rag2 severe combined immunodeficiency by lcntiviral 
gene therapy using a codon-optimized RAG2 therapeutic transgene. Molecular 
Therapy 20: 1968-1980. 



PLOS ONE | www.plosone.org 



8 



August 2014 | Volume 9 | Issue 8 | e104805 



